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The restrictions and the concerted action of the global ban on the use and presence of
tributyltin (TBT) in marine applications to protect ecosystems in the marine environment
in 2008 was mainly based on the economic impact on shellfish industries and the
dramatic extinction of local mollusk populations in the past. In contrast to the vast
datasets on effects on mollusks, the knowledge on impacts on species from other
taxa remained in the uncertain until almost two decades ago. The assumption on a
long-term TBT-mediated pernicious metabolic bottom–up regulation of the crustacean
Crangon crangon population was provoked by the outcome of an EU-project ‘Sources,
Consumer Exposure and Risks of Organotin Contamination in Seafood.’ This study
reported high TBT body burdens in C. crangon in 2003, at the start of the transition
period to the global ban. Experimental research on the TBT impact in C. crangon
focused on agonistic interference with natural ecdysteroid hormones at the metabolic
pathways regulating growth and reproduction and the biogeochemical distribution of the
chemical. In this paper, metabolic, topical and population-relevant biological endpoints
in C. crangon and other crustaceans are evaluated in relation to the temporal and spatial
trends on TBT’s occurrence and distribution in the field during and after the introduction
of the tributyltin restrictions and endocrine-related incidents. Arguments are forwarded
to relate the German Bight incident on growth and reproduction failure in the C. crangon
population, despite the lack of direct evidence, to the pernicious impact of tributyltin in
1990/91 and previous years. The extreme occurrence of TBT in C. crangon from other
parts of the southern North Sea and evidence on the high body burdens as dose metrics
of exposure also feeds the suspicion on detrimental impacts in those areas. This paper
further demonstrates the complexity of distinguishing and assessing the individual roles
of unrelated stressors on a population in an integrated evaluation at the ecosystem level.
Keywords: tributyltin, Crangon crangon, endocrine disruption, ecosystem impact, ecdysteroids, ecdysteroid
receptor
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INTRODUCTION
The application of the broad-spectrum organotin biocide
tributyltin as antifouling agent (Figure 1) since the mid-1900s
was economically a success until, at the end of the 1970s,
fertility and calcification impairments on oysters and induction
of imposex and intersex in female snails linked TBT to the
decline and local extinction of many mollusk species (Smith,
1981; Alzieu et al., 1982; Bryan et al., 1986, 1989; Gibbs et al.,
1987; Waldock et al., 1988; Mensink et al., 1996a; Ide et al.,
1997; Oehlmann et al., 1998, 2007). TBT-induced imposex and
intersex in gastropod mollusks provided some of the strongest
evidence on the occurrence of endocrine disruption in the field
(Gibbs et al., 1988).
The economic damage on shellfish industries compelled
countries to implement measures to assure the sustainable
management of these resources. France was the first responding
country by issuing a ban in 1982 on the application of organotin-
based paints on ships < 25 m waterline and fish farms. Similar
bans followed suit between 1987 and 1991 throughout the North
Sea countries. In 1989, the EU imposed such measures to all
Member States (EU Council Directive 89/677/EEC, European
Commission, 1989) and the IMO acted accordingly on a global
scale in 1990 (IMO resolution Mepc.29(25), 1990).
In 2001, the IMO adopted the ‘International Convention on
the Control of Harmful Antifouling Systems, 2001,’ formalizing
a global ban on the application of organotin antifouling agents
on marine vessels after the deadline of 17 September, 2008 [AFS
Convention, modified in 2010 (IMO resolution Mepc.195(61),
2010)] to include guidelines on survey and certification of
antifouling systems on ships). The EU transposed the 2001 AFS
Convention into Regulation (EC) 782/2003 (EU Regulation No.
782/2003, European Union, 2003) which banned the application
of TBT on EU-flagged vessels starting on 1 January, 2003. That
regulation further obliged all ships visiting EU ports from 1
January, 2008 onwards to be free of TBT or at least to bear a
barrier coating.
In contrast to the vast datasets and assessments on endocrine
TBT disruption in mollusks at population-relevant endpoints
up to extinction, metabolic to apical effects on other taxa were
seldom identified until during the last two decades. Research on
effects in other taxa was initially based on lethal and sublethal
endpoints. In crustaceans, acute 96 h-LC50 values of 28.5–41 µg
TBT oxide (TBTO)/l did not draw up a particular sensitivity of
Abbreviations: 9-cis RA, 9-cis-retinoic acid; AFS, Convention on the Control of
Harmful Antifouling Systems of IMO; BCF, bioconcentration factor; BSAF, biota
to sediment accumulation factor; cDNA, copy- or complement-DNA; CrcEcR,
C. crangon ecdysteroid receptor; CrcRXR, C. crangon retinoid X-receptor; DBT,
dibutyltin; Dw, dry weight; ECHA, European Chemicals Agency; EcR, ecdysteroid
receptor; EFSA, European Food Safety Authority; EU, European Union; ICES,
International Council for the Exploration of the Sea; IMO, International
Maritime Organization; Kow, Octanol-Water Partition Coefficient; LC50, median
lethal concentration; LOEC, Lowest Observed Effect Concentration; LPUE,
Landings per Unit Effort; MBT, monobutyltin; MEPC, Marine Environment
Protection Committee of IMO; NOEC, No Observed Effect Concentration;
NR, nuclear receptor; OT, organotin; OT-SAFE, Sources, consumer exposure
and risks to organotins (OTs) accumulated in seafood; pHi, Intracellular pH;
pKa, Acid-dissociation constant; RXR, retinoid-X-receptor; SSD, Species Sensitive
Distribution; TBT, tributyltin; TBTO, Bis(tributyl)tin oxide.
FIGURE 1 | Tributyltin treated (left) and untreated (right) marine exposed
during 1 month.
FIGURE 2 | Crangon crangon (brown shrimp; © 2008 Hamal).
adult brown shrimp (Crangon crangon; Figure 2; Champ, 1986;
Verhaegen, 2012; Verhaegen et al., 2012). The larval stages of
C. crangon showed more sensitive acute mortality at 1.5 µg
TBTO/l and larval growth of the American lobster (Homarus
americanus) nearly stopped at 1 µg TBTO/l (Laughlin and
French, 1980; United States Environmental Protection Agency
[EPA. US], 1985).
The outcome of the EU-project on Sources, consumer
exposure and risks to organotins (OTs) accumulated in seafood
(OT-SAFE; Willemsen et al., 2004) alerted serious concerns on
the environmental risks related to the transfer of accumulated
TBT in C. crangon to the human food chain as well as on
the health of the population in its major habitat, the southern
North Sea (Verhaegen et al., 2011, 2012; Verhaegen, 2012). The
southern North Sea is the main fisheries area on C. crangon.
This species was a target organism in the OT-SAFE study for
its high economic value. The economic importance in Europe
peaked since 2006 till 2014 at average annual catches of 30,000
to 38,000 tons and a third-place ranking in landing value of
European fisheries products, exceeding 100 Million Euro in
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some years (ICES, 2011, 2017). Ecologically, its population can
locally comprise up to 80% of the total epibenthic biomass
in the southern North Sea (Bamber and Henderson, 1994;
Cattrijsse et al., 1997).
This paper assesses different aspects of TBT pollution in
C. crangon in its main distribution range, the southern North
Sea and does not focus on an overall review on TBT data and
effects in the marine environment, as the TBT levels vary by a
high factor in different locations. For comprehensive reviews, we
refer to, among other (Evans et al., 1996; Fent, 1996; Champ,
2000; Birchenough et al., 2002; Stronckhorst and van Hattum,
2003; Antizar-Ladislao, 2008; Morton, 2009; Oliveira et al.,
2009; Rodríguez et al., 2009; Sousa et al., 2009; Bengtsson and
Wernersson, 2012; Sunday et al., 2012; Matthiessen, 2013; Wetzel
et al., 2013; OSPAR, 2014; Langston et al., 2015; Nicolaus and
Barry, 2015; Wilson et al., 2015; Schøyen et al., 2018).
TBT LEVELS IN THE SOUTHERN NORTH
SEA
It is undeniable that the several routes of bioaccumulation
generated high TBT body burdens in many species from different
taxa in charged areas. Thorough research on the impact of TBT
in C. crangon followed on the OT-SAFE project (Willemsen et al.,
2004). In 2003, at the start of the global TBT ban transition
period, samples from the coastal sampling site BCS3 in Belgium
in the southern North Sea contained high TBT levels in the edible
tail tissue of the organism (average 326µg TBT cation/kg tail dw)
indicating a high accumulation potential, in comparison to, e.g.,
plaice (Pleuronectes platessa) muscle tissue, sampled at the same
place and date at BCS3, contained TBT levels below the limit of
detection (<4µg TBT cation/kg ww; Willemsen et al., 2004). The
levels of the other OTs monobutyltin, dibutyltin, monophenyltin,
and diphenyltin were all not quantifiable (Verhaegen et al.,
2012). The highest levels of TBT in C. crangon in 2003–2005,
measured in the nearby Western Schelde estuary, ranged from
350 to 1700 µg TBT cation/kg dw upstream (Janssen et al., 2007).
In 2009, these extreme TBT levels rapidly had decreased as a
result of the 2003–2008 global ban. A large-scale geographical
one-off survey along the southern North Sea coast in 2009
(Figure 3) revealed a rapid TBT elimination in C. crangon
from open sea and the estuaries (Verhaegen, 2012; Verhaegen
et al., 2012), compared to the data in Willemsen et al. (2004)
and Janssen et al. (2007). In terms of consumer risks of TBT
contamination in seafood, there is growing certainty that the
current levels in C. crangon from open sea no longer present
an intolerable human health risk (Verhaegen, 2012; Verhaegen
et al., 2012). The authors calculated an allowed daily consumption
of 5.22 ± 2.86 kg peeled C. crangon by a 60 kg weighing
person in accordance with the maximum Tolerable Daily Intake
(TDI) for TBT set by the EFSA. This renders brown shrimp
again a healthy product, in comparison to its status a decade
ago. In 2003, a daily consumption of 169 g peeled C. crangon
would be sufficient to exceed the TDI (Willemsen et al., 2004).
There is to our knowledge no information on risk to consumers
available prior to 2001.
A baseline study of the TBT distribution in surface sediment of
the Elbe estuary in 2011 ranged from ‘undetectable’ at the mouth
to 100 µg TBT cation/kg sediment dw near the port of Hamburg
(Wetzel et al., 2013; Sn to TBT cation conversion rate 2.44). At the
2003 and 2009 common sampling site BSC3, a 10-fold decrease
in TBT levels was measured in the organism as well as in its
habitat sediment.
Based on these TBT data, an average individual heavy metal-
type biota to sediment accumulation factor 10 (BSAF ∼ 10) was
derived from the sediment < 63 µm fraction data (Verhaegen,
2012; Verhaegen et al., 2012) using the method of Ankley
et al. (1994) instead of using suspended solids data, as applied
by Veltman et al. (2006). For an earlier year (1999), TBT
contamination data in C. crangon were calculated from the 1999
Western Schelde sediment data and extrapolated 2003 BCS3 open
sea sediment data using the BSAF: 900 and 650µg TBT cation/kg
dw C. crangon tail, respectively. These 1999 data suggest extreme
contamination in the southern North Sea in the previous century
prior and after the introduction of the first major TBT ban in
1989 on small ships.
In 1987, a high degree of imposex was observed in the vicinity
of pleasure craft activity, fishing harbors and boat yards, reflecting
localized inputs from these sources (Bailey and Davies, 1988).
Another indication of the widespread TBT contamination in
the southern North Sea are the data obtained from the mollusk
Buccinum undatum. Data from 1995 on TBT, DBT, and MBT in
samples from an offshore sampling station of Helgoland (German
Bight, southern North Sea) ranged, respectively, from 2.73 to
38.2, 11.2 to 76.4, and 18.0 to 81.9 µg/kg dw (recalculated from
the data of Ide et al., 1997 at a dw/ww conversion factor of
2.73). Similar TBT levels were found in this species from other
areas in the southern North Sea: 2.5 to 28.8 µg TBT/kg dw
along the coast of the Netherlands (ten Hallers-Tjabbes et al.,
1996) and 11.5 to 11.8 µg TBT/kg dw in the Eastern Schelde
(Mensink et al., 1996b).
The high distribution ratios of DBT/TBT and MBT/TBT in
Buccinum undatum point to enhanced metabolic degradation
of TBT which complicates the interpretation of body burden
data in those metabolizing species. In snails, there is evidence
that incorporated TBT undergoes biotransformation to DBT and
MBT in the digestive gland (Bryan et al., 1993). Accumulation
and catabolism of TBT is very species specific. Blue crab
(Callinectes sapidus), fed contaminated prey grass shrimp
(Palaemonetes pugio), significantly debutylated the accumulated
TBT while this was not the case in the prey (Rice et al., 1989). In
C. crangon, the unquantifiable DBT and MBT levels are a sign of
reduced or no catabolism making the measured high TBT levels
the actual body residues. Limited metabolic degradation was also
observed in Caprellidae (Takahashi et al., 1999).
Tributyltin time trends following on the local and global
TBT restrictions indicate sufficiently high elimination rates to
drastically reduce the levels in a time span of a few years in
recovering areas and have, unequally in time, led to a large-
scale progressive recovery of the marine ecosystem (Evans et al.,
1996; Birchenough et al., 2002; Morton, 2009; Oliveira et al.,
2009; Rodríguez et al., 2009; Sousa et al., 2009; Verhaegen, 2012;
Verhaegen et al., 2012; Matthiessen, 2013; OSPAR, 2014, 2017a,b;
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FIGURE 3 | Spatial distribution of TBT (light gray bars) and triphenyltin (dark gray bars) concentrations in C. crangon muscle (Y-axis, in µg/kg dw) along the south
coast of the North Sea in 2009 (Verhaegen, 2012; Verhaegen et al., 2012). The X and Y axes represent the longitude Northern length (NL) and the latitude Eastern
length (EL), respectively.
Langston et al., 2015; Nicolaus and Barry, 2015; Wilson et al.,
2015; HELCOM, 2018; Schøyen et al., 2018). The unequal
recovery in time is not surprising since the 1989 TBT restrictions
on small ships had mainly a local impact in predominantly
recreational and small ships areas. There is evidence from
sites where commercial vessels were the only source of TBT
(Birchenough et al., 2002). The TBT use in antifouling even
peaked in 1996, despite the 1989 TBT-ban, when 85% of the
larger ships were equipped with a TBT-based coating (OSPAR
Commission, 2011). The rapid recovery of C. crangon between
2003/2005 and 2009 was, e.g., also seen in an earlier period in
the Baltic Sea between 1998 and 2005 where the levels in mussel
(Mytilus edulis) decreased from 250 to 300 µg TBT/kg dw in
1998 to a threshold value of 12 µg TBT cation/kg dw since
2005 (HELCOM, 2018). These threshold values seem long-lasting
due to the negative influences of historical contamination in hot
spots, repair docks, and harbor areas (Birchenough et al., 2002;
Stronckhorst and van Hattum, 2003).
TBT: DISTRIBUTION, BIOAVAILABILITY,
AND UPTAKE
The scientific debate on the biogeochemical behavior of
TBT in the marine environment did not reach a commonly
accepted consensus on its occurrence and distribution. Even
though neutral TBT derivatives are known to partition to
lipid and organic carbon (Meador, 2000; Brändli et al.,
2009), the compound is readily ionizable depending on
surrounding parameters, firstly pH and related confounding
parameters electrochemical ligand binding sites, redox
conditions, and salinity.
Partitioning equilibrium values such as the octanol-water
partitioning coefficient Kow are not very suitable to predict
bioaccumulation of TBT since its derivatives are strongly pH-
regulated. Many of the Kow values were calculated or determined
at unspecified pH values (Meador, 2011). The Kow of TBT
increased from 1600 to 12,000 in a pH range of 5.8 to 8.0
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(Tsuda et al., 1990; Arnold et al., 1997). The usefulness of Kow
values on TBT in partitioning and bioaccumulation scenarios is
therefore strictly conditional.
In aqueous solutions, paint released TBTO and TBT hydride
hydrolyze with water forming cations (Eng et al., 1986; Arnold
et al., 1997). At the acid-dissociation constant pKa 6.25, half of
the TBT is cationic and half is neutralized by anions (Arnold
et al., 1997). In seawater at average pH 8 and ionic strength 0.5M
93% of the TBT in solution occurs as the hydroxide complex
(Arnold et al., 1997), likely favored by the hydrolyzable nature
of TBTO, TBT halides and TBT acetate (Eng et al., 1986). The
halides were estimated to have a half-life of 60 days in aqueous
media (Sunday et al., 2012) while biodegradation half-lives as low
as 6 days have been reported in clean harbor water (Cooney,
1988; Adelman et al., 1990). The predominant occurrence of
TBT hydroxide in marine systems was an important indication
to link the partitioning behavior of TBT to that observed for
neutral hydrophobic substances and predictions based on the
Kow equilibrium partitioning (Meador, 2000).
Equilibrium sorption experiments of TBT in estuarine
sediments showed similarity of sorption and desorption
coefficients indicating that TBT sorption is reversible (Unger
et al., 1988). Later research revealed that the TBT sorption in
sediment is characterized by a rapid reversible adsorption stage,
where 80% of the final sediment concentration is adsorbed
within 10 min (Langston and Pope, 1995; Champ and Seligman,
1996), and a slow, non-reversible stage of TBT diffusion into
the porous microstructure of the organic material (Pignatello
and Xing, 1996; Ma et al., 2000). A similar instant adsorption
process was observed in soil while TBT was not easily leached
off (Sunday et al., 2012). The sorption of the majority of the
neutral TBT hydroxide form, in sediments from coastal waters
at average pH 8 to the organic carbon in the sediment might
be the principal process. However, a second seemingly less
significant underestimated process may be the moored stable
metal-type fixation of the remaining approximately 3% TBT
cations to electronegative ligands in the sediment, thereby
creating a quasi-continuous disequilibrium in the lipophilic
partitioning of the neutral OH-form forcing into the direction
of fixation on available ligands and steady state conditions.
OT compounds are known to interact in the sediment by
forming coordination complexes with electronegative oxygen
and nitrogen, comparable with the metal-type accumulation in
biota (Omae, 1989; Tanabe, 1999).
In biota, the metal-type fixation, accumulation, distribution
and bioavailability to cellular processes of bioaccumulating
TBT may substantially be activated and regulated by the acidic
intracellular pH condition (pHi) which is in electrochemical
equilibrium with the pH of the extracellular fluid. A study
of Carter (1972) suggests four hypothetical intracellular
compartments of different pH within large muscle cells of the
crustacean giant barnacle (Balanus nubilus). The pHi of the
largest compartment was 6.76 in a relative volume of 20 on 22
and a lowest mean pHi value of 6.12 ± 0.03 was measured in a
relative volume of 0.5 on 22, closely in compliance with the mean
calculated equilibrium pHi of 6.09 ± 0.03. According to Carter
(1972) it is highly likely that the acidic compartment represents
the aqueous phase of the cell cytoplasm. The two remaining
compartments had a pHi of 7.0 and 7.5 in, respectively, relative
volumes of 1.0 and 0.5 on 22. The pHi in all compartments
and especially the acidic predominant part of the cells is thus
much lower than the pH 8 in the surroundings in coastal waters.
Carter (1972) supports the view that hydrogen protons are not
distributed homogenously throughout the cytoplasm and that
there exist intracellular compartments which have markedly
different pHi, in contrast to the mean pHi measurements
following, e.g., the homogenate technique of Pörtner et al. (1990)
yielding higher integrated pH values. Integrated pHi values
of 7.32 ± 0.04 in homogenized tail muscle of C. crangon, as
reported by Abele-Oeschger et al. (1997) seem therefore not
accurate enough to elucidate the actual TBT distribution and
aggressive behavior in cells and tissues. The compartmentalized
nature of the pHi and the predominant acidic conditions in the
cells may provide new insights in the process of distribution and
behavior. Acidic pHi values close to the TBT pKa will increase
the ratio of the cation, compared to the ‘neutral’ form (hydroxo-
complex?) and increase the proportional interactions of the
metal-type behavior of TBT by complex formation with ligands
in phospholipids and proteins, as postulated by Arena et al.
(1995), Tanabe (1999), Hunziker et al. (2001, 2002), and Strand
and Jacobsen (2005). The neutral form appears to partition
only to the lipid fraction of the biomembrane (Hunziker et al.,
2001) while Doop et al. (2007) suggested that the toxicological
potential depends on membrane permeability. In experimental
conditions, the biomembrane-water distribution ratio of TBT
exceeded the liposome-water distribution ratio at acidic pH 3,
which is attributed to complex formation of the cationic species
with ligands of the protein fraction. The distribution ratio of the
TBT cation exceeded that of the neutral hydroxo-complex by a
factor of 2. At higher pH 8.0 the biomembrane-water distribution
ratio was found lower than the liposome-water distribution ratio
(Hunziker et al., 2001).
The passive migration or electrochemical carrier-translocation
of TBT cations or neutral forms through the plasma membrane
into the cytoplasm is unclear and both pathways may operate
simultaneously at different affinities in the prevailing pHi
environment. Passive migration related to compound
lipophilicity was demonstrated by Zucker et al. (1989) who
measured decreased biomembrane potentials in murine
erythroleukemic cells in the presence of TBT. On the other hand,
in crustacean copepods, the TBT tissue residue as the dose metric
associated with 50% mortality showed no correlation with the
lipid content (Meador, 1997).
Conclusively, it is argued that the metal-type fixation in
the acidic conditions in biota occurs at a higher ionic activity
compared to the metal-type process in sediments at higher pH.
In experimental conditions, the TBT-exposed water pathway
became standard in uptake and exposure studies since the
toxic responses in mollusks, held in laboratories, showed good
correlations with the direct TBT toxicity from bioconcentration.
Some mollusks, e.g., Mytilus edulis, and especially predatory
gastropods possess high TBT BCFs up to 105 compared to the
moderate 103 in crustaceans (ECHA, 2008). A strong correlation
between the LC50 and the BCF was also found in amphipod
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species (Meador, 1997). An individual BCF for C. crangon is
not known, instead, the TBT body residues are clearly related to
the total TBT content of its habitat sediment (Verhaegen, 2012;
Verhaegen et al., 2012).
A higher uptake in mollusks from water may be obvious due
to the high BCF. Given the moderate BCF in crustaceans, the
extremely high body burdens in C. crangon should be linked to
biomagnification and the high average BSAF from contaminated
sediment, rather than bioconcentration, confirming the findings
of Veltman et al. (2006) on high accumulation rates in C. crangon.
More studies describe both accumulation routes from diet and
direct uptake from water (Strand and Jacobsen, 2005; Lee et al.,
2006). Bryan et al. (1989) described a 50/50 accumulation
ratio from diet and surroundings in the carnivorous gastropod
Nucella lapillus.
MECHANISM OF ACTION OF TBT IN
CRUSTACEANS
Several authors postulated in initial research that the site of the
basic mechanism of action of TBT toxicity is the biomembrane
(Massaro et al., 1989; Zucker et al., 1989; Gadd, 2000; Hunziker
et al., 2001). It is in the meantime known that TBT-mediated
endocrine disruption and imposex/intersex developments in
the sensitive gastropods Nucella lapillus, Nassarius reticulatus
(= Hinia reticulata) and other mollusks are related to TBT’s
agonistic interference with the growth- and reproduction NR
retinoid-X and its ecdysteroid hormone triggers (Nishikawa
et al., 2004; Sousa et al., 2010; Sternberg et al., 2010). It is this
ligand-dependent nature that makes many NRs susceptible for
exogenous chemicals at extremely low exposure doses. These
adverse metabolic alterations at a range of cellular pathways
in the mollusks rapidly translated into severe population-level
changes in the past.
Similarly, ecdysteroid hormones trigger the specific regulation
of several genes in different tissues and developmental stages
of crustaceans, through interactions with the NRs EcR and/or
RXR (Hopkins, 2009). In contrast to vertebrate RXR, invertebrate
RXRs do not form active homodimers but serve as a
heterodimerization partner for many other NRs, and as such
are involved in the control of multiple endocrine pathways. EcR
is the best known invertebrate partner protein for RXR. The
name RXR refers to the natural 9-cis-RA, the putative ligand of
vertebrate RXRs (Wolf, 2006), whereas the natural agonist(s) for
invertebrate RXRs is still under debate. The putative endogenous
ligand for crustacean RXR is the terpenoid methyl farnesoate,
which has been confirmed in several crustacean species (Reddy
et al., 2004; Wu et al., 2004; Laufer et al., 2005) but, e.g., not in the
water flea Daphnia magna (Wang and LeBlanc, 2009).
Our current understanding of the principal endocrine
mechanism of action of TBT in crustaceans is very similar
to that in mollusks and refers to the interactions at the
physical, functional and gene-expression levels of the ecdysteroid
receptor – retinoid-X receptor dimer (CrcEcR-CrcRXR) complex
(Figure 4; Verhaegen et al., 2010, 2011, 2012; Verhaegen,
2012). TBT caused a strong down-regulation of Ponasterone
FIGURE 4 | Illustration of the retrospective/diagnostic ecotoxicological
research on TBT’s endocrine disrupting role in C. crangon, incorporating
in silico, in vitro, and in vivo technologies.
FIGURE 5 | Influence of 10 nM TBTO on reporter gene trans-activation by
10 nM PonA through CrcEcR–CrcRXR. Four different treatments were
performed in quadruplicate (from left to right): a negative control, exposure to
10 nM TBTO, a positive control (10 nM PonA) and exposure to 10 nM TBTO
in the presence of 10 nM PonA. Data are presented as the mean ± SEM
(n = 4). An asterisk denotes a significant difference with the respective control
(Student’s t-test, two tailed, p < 0.05; Verhaegen et al., 2011; Verhaegen,
2012).
A-induced transactivation in vitro and strong down-regulated
expression of CrcEcR/CrcRXR transcripts in vivo in the
ovaries (Figure 5). The ovary-specific inhibition (Figure 6)
is an initial indication of evolving reproductive impairment,
similar to the impact on mollusks. In silico 3D-modeling
confirmed a very good docking and blocking accommodation
of TBT in the electrostatic and neutral areas of the full-length
modeled CrcRXR–Ligand Binding Pocket (Verhaegen, 2012;
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FIGURE 6 | mRNA levels in ovaries, hypodermis, hepatopancreas and muscle of C. crangon after exposure to TBT. Semiquantitative RT-PCR results of C. crangon
exposed to 134 nM TBT for 96 h compared with mRNA expression in the control group for the non-truncated CrcEcR and CrcRXR isoforms. mRNA levels of the
control genes b-actin, glyceraldehyde-3-phosphate (GADPH) and 18S rRNA are also represented. Amplified gene names and cycle number are given on the left,
template tissue and experimental group are given at the top, amplicon size is given at the right. Truncated CrcEcR and CrcRXR isoforms are not shown as they were
only detected in the ovaries at higher PCR cycle numbers. CrcEcRD-18 bands were clearly visible for hepatopancreas tissue of the control group and muscle tissue
at 40 PCR cycles but not at 35 cycles (Verhaegen et al., 2011; Verhaegen, 2012).
Verhaegen et al., 2012). cDNA microarray analysis of 604
gender-related cDNA fragments, appended to CrcEcR and
CrcRXR isoforms, revealed affected expression of 43 gene
fragments and disruption of calcium homeostasis. Upregulation
of vitellogenin and up- as well as downregulation of several
cuticular proteins may cause a second endocrine disruption
on the Y-organ – ecdysteroidal endocrine axis and evolving
growth and reproduction impairment (Verhaegen, 2012). The
crustacean endocrine axis comprises two major neuroendocrine
glands situated in the eyestalks: the X-organ-sinus gland complex,
and the Y-organ (Chang and Mykles, 2011).
In contrast to vertebrates and Lophothrochozoa (e.g.,
mollusks), arthropod vitellogenesis is regulated by ecdysteroid
and juvenile hormones, and not by estrogens. In arthropods,
vitellogenesis is negatively regulated by ecdysteroids (Hannas
et al., 2010). Upregulation of vitellogenesis, as confirmed
in Verhaegen’s experiments (Verhaegen, 2012), would thus
suggest an anti-ecdysteroidal effect of TBT (Verhaegen, 2012).
Retarded molting, production of abnormalities in initial and
final stages of limb regeneration and endocrine toxicity on
ecdysis, vitellogenesis, and calcium resorption in a TBT
environment were also proven in other studies on crustaceans
(Nagabhushanam et al., 1990; Reddy et al., 1991, 1992; Wang
et al., 2011; Hosamani et al., 2017). The interference of TBT
in the calcium reabsorption inhibits the exoskeleton formation
(Nagabhushanam et al., 1990).
The pathway of the TBT impact on metabolic stages of growth
and reproduction in C. crangon seems to some extent identical
to the deregulation in mollusks. This is not exceptional since
the RXR, the fourth member of group B of the NR subfamily
2, is a highly conserved NR throughout the animal kingdom
and mankind (Nishikawa et al., 2004). It is very likely that
the mechanism of action of TBT on RXR is very similar in
all examined taxa and occurs, presumably, in a thin line with
natural ligands since Nishikawa et al. (2004) proved that the
vertebrate natural RXR ligand 9-cis-RA, also induced imposex
in rock shell Thais clavigera. This deterioration by natural
ligands may be attributed to an important role of RXR in
the differentiation and growth of male genital tracts in female
gastropods (Nishikawa et al., 2004).
TBT TOXICITY AND TOPICAL AND
POPULATION-RELEVANT ENDPOINTS
The highest sensitivity to TBT toxicity has long been assigned
to gastropods. In the 80s and 90s, data on the TBT chemical
status of the marine environment were commonly addressed via
dose–response relationships in toxicity tests on mollusks in TBT-
exposed water pathways. Lowest Observed Effect Concentrations
as low as 1.0 to 2.0 ng TBT/l exposure water (Gibbs et al., 1987;
Rainbow, 1995) brought imposex and intersex prevalence on the
forefront as key indicators in monitoring programs in times of
challenging developments of analytical techniques, sufficiently
specific and sensitive enough to detect TBT concentrations at
or below the ng/l (ppt) level in the water column for the reason
that strong correlations were found between biological endpoints
(e.g., LC50) and the BCF (Meador, 1997) while other studies
reported high correlations with whole-body TBT residues as well
(King et al., 1989; Hagger et al., 2006).
Intersex is a phenomenon seen in mollusks at much higher
TBT contamination. E.g., intersex in the periwinkle Littorina
littorea occurs at 100-fold higher TBT concentrations than
imposex and is used as biomarker in mollusks in areas of high
TBT exposure (Oehlmann et al., 1998). In laboratory tests on
crustaceans TBT-induced macroscopic changes on the growth
Frontiers in Marine Science | www.frontiersin.org 7 October 2019 | Volume 6 | Article 633
fmars-06-00633 October 12, 2019 Time: 12:22 # 8
Parmentier et al. Tributyltin’s Ecosystem Disruption
and reproduction morphology have been reported for population
relevant endpoints, such as intersex, fecundity, % ovigerous
females, reproduction, larval development. LOEC and NOEC in
long-term and full life-cycle bioassays on several species ranged,
respectively, from 10 to 190 ng TBT/l and 6.0 to 224 ng TBT/l
(Johansen and Mohlenberg, 1987; Bushong et al., 1988, 1990;
Kusk and Petersen, 1997; Hall et al., 1998; Oberdörster et al., 1998;
Baer and Owens, 1999; Ohji et al., 2002; Schmidt et al., 2005;
Huang et al., 2006; Lagadic et al., 2017). One outlier NOEC of
1250 ng TBT/l was reported for adult D. magna in a 21 days test
with offspring as biological endpoint (Oberdörster et al., 1998).
The development of SSD models, based on the lowest NOEC
and LOEC data from water-exposure pathways, have shown that
many aquatic species from different taxa, including crustaceans,
are in the range of sensitivity of mollusks and some fish species
showed higher sensitivity (Lagadic et al., 2017). The accumulation
of TBT in organisms as well as surroundings in most charged
areas in the past were therefore undeniably transcending the
vulnerability of crustaceans and species from other taxa as well
for population relevant endpoints.
It should be noted that the in vivo experiments of Verhaegen
et al. (2011) on expression capacity of CrcEcR/CrcRXR
transcripts in C. crangon’s tissues were performed at (sub)lethal
TBT concentrations because of the necessity for using short-
term exposure tests since attempts to culture C. crangon in
full life-cycle conditions still remain unsuccessful. However, the
in vitro inhibition of CrcEcR/CrcRXR transcripts and affected
expression of genes, disruption of calcium homeostasis and
the acute lethality of C. crangon’s and H. americanus’ larvae
demonstrated a higher toxicity at metabolic and topical endpoints
(Laughlin and French, 1980; Verhaegen et al., 2011).
KNOWLEDGE GAPS
A critical gap in the toxicological research on TBT exposure
is the need on information on the impact of the TBT body
burdens on biological processes in affected organisms with the
aim to more realistically assess the overall TBT impact in
the field. It was postulated that the tissue residues reflect the
bioavailability and effective target doses more accurately than the
toxicity based on the water-exposure pathway (Meador, 2011)
on standard laboratory-maintained organisms or their offspring.
The variability in responses to toxicants in laboratory studies may
occur over the natural, seasonal cycle of physiological variation
that occurs in populations and organisms, held in laboratory,
may become multi-fold more sensitive (Meador, 1993). Several
studies have additionally found that when toxicity is expressed
as a tissue residue, the variability between species, time periods
and exposure conditions is greatly reduced (McCarty, 1991; van
Wezel and Opperhuizen, 1995; Meador, 1997).
Unequal tissue distribution and TBT behavior may
additionally influence the effective target dose to responsive
tissue-specific biological endpoints. Several gastropod species
concentrate up to 50% of the total TBT in the female gonads
(Oehlmann et al., 1992; Stroben, 1994). The BCFs in the
carp Carassius carassius grandoculis, obtained in exposure
experiments, are also tissue-dependent and may vary almost
10-fold: 589 (muscle), 547 (vertebra), 5012 (liver), and 3162
(kidney) (Tsuda et al., 1986). Research on the chemical tissue
partitioning of TBT in C. crangon was not a work package in
Verhaegen (2012), however, in contrast to the absent responses
in the hypodermis, hepatopancreas and muscle tissues, the
exclusive and highly affected expression of CrcEcR/CrcRXR
transcripts in vivo in the ovaries (Figure 6) may also indicate
enhanced accumulation and disruption in that tissue.
TBT: A PUTATIVE BOTTOM–UP
REGULATOR OF C. crangon’s
POPULATION?
In contrast to the temporal and spatial trends in pernicious
impacts on mollusks through female sterility associated with
imposex and intersex, where the cause was rapidly attributed
to TBT, and recovery following on the TBT restrictions,
the assumption on TBT-mediated deregulation of C. crangon
remained unclear and hypothetical since this species was
commonly regarded as non-endangered during half a century.
However, the underlying metabolic mechanism of action in both
taxa was only unraveled until after 2000.
The question whether the TBT prevalence was an important
indicator of the population health status of C. crangon is now no
longer relevant as a result of the TBT bans. However, it remains
a scientific necessity and societal obligation to be aware of the
former threats on the population by the use of this chemical, in
an ecosystem and economic perspective.
The most striking potential link between TBT and population-
relevant endpoints in C. crangon may have happened before the
TBT bans were introduced. Research on the seasonal spawning
cycle and reproductive success in subareas of the German Bight
in the North Sea in the period 1958–2005 linked reproductive
impairment to low percentages of ovigerous females on the basis
of morphological information (see review, Siegel et al., 2008).
A decrease in the proportion of ovigerous females started in the
western part of the German Bight (the Waddenzee) in the second
half of the 1970s, where it dropped below 50% of the previous
status. The absolute minimum was observed in the late 1980s
with ovigerous female proportions below 10%. The subsequent
low reproduction and recruitment caused dramatic drops in
landings of consumption shrimp since the catches in the German
Bight account for approximately 90% of the total European
catch. Correlation analyses with common parameters, such
as water temperature, river runoff, North Atlantic Oscillation
climate index and the more obvious indicators predator and
fishing mortality did not show any plausible proximate cause
of this large-scale population impact (Siegel et al., 2008).
Watermann and Dethlefsen (1983) postulated pollution-induced
“dissolutions” of the shell and subsequent secondary infections.
Unfortunately, a lack on data from other areas prevented larger
geographical-scale comparisons and TBT-induced biological
endpoints on growth and reproduction were at that time only
extensively described in mollusks from TBT-charged areas.
C. crangon is phylogeographically similar across its distribution
Frontiers in Marine Science | www.frontiersin.org 8 October 2019 | Volume 6 | Article 633
fmars-06-00633 October 12, 2019 Time: 12:22 # 9
Parmentier et al. Tributyltin’s Ecosystem Disruption
range (Luttikhuizen et al., 2008; Hoffman, unpublished results).
The whole population for management purposes is considered
as one stock (ICES, 2014) which may also indicate similarity in
sensitivity to TBT in a large geographical area.
The nature of the observed disorders in the German
Bight survey, percentage affected ovigerous females and low
recruitment were later diagnosed in conventional full life-cycle
exposure tests on several crustacean species, e.g., at a LOEC of
10 ng/l in the copepod Schmackeria poplesia (Ohji et al., 2002;
Huang et al., 2006, 2010; Lagadic et al., 2017). The described
‘dissolutions’ of the shell may in turn refer to ecdysis and
vitellogenin disruption in the process of the endocrine toxicity
on expression of cuticular proteins and eventually vitellogenin,
as postulated by Verhaegen (2012). Further, Reddy et al. (1992)
reported significant effects after the third molt in the prawn
Caridina rajadhari. Pollution-induced impacts by a range of
other priority chemicals seem not an issue in this incident since
downward trends were general (OSPAR, 2010) and the severity
of the toxicities of many of these chemicals compared to the toxic
potential of TBT may be arguable.
A second indication on the putative deterioration by TBT is
the stock rebound in the German Bight in the course of the 1990s
(Siegel et al., 2008), shortly after the European 1989 TBT ban
was introduced. A rapid recovery was remarkable in yachting
areas while industrialized maritime areas showed delays until
the implementation of the global TBT-ban (Verhaegen, 2012;
Verhaegen et al., 2012).
The breakdown of the catches in 1990/1991 was in the 2014
WGCRAN report (ICES, 2014) suggested to be caused by a mass
invasion of 0-group whiting (Merlangius merlangus). It is obvious
that a decrease in commercial landings is linked to rebuilding
stocks of the main predators cod (Gadus morhua) and whiting.
Both cod and whiting can have high shares of C. crangon in their
stomach (Temming and Hufnagl, 2014) although both species
seem to prefer the co-occurring gobies in their diet (Jansen,
2002) and growth rates are smaller on homogeneous C. crangon
diets (Temming, 1995). Events of extremely abundant cod and/or
whiting 0-groups occurred in the years 1959, 1961, 1970, 1977,
1983, 1990, and 1998 (Tiews, 1961; Berghahn, 1996; ICES, 1998;
Siegel et al., 2005). Increased predator invasions matched to
drops in commercial shrimp landings in several years (1977,
1983, 1990, and to a lesser extent 1998). Increased predator
abundances are, however, in the event of the German Bight
incident and the disastrous 1990/91 breakdown of the catches
not a justifiable argument for the population-level occurrence
of overall growth, reproduction and recruitment failure. The
German Bight incident is, in our opinion, fully attributable to
endocrine disruption by the most prevalent chemical TBT and
predation mortality at that time may have played a secondary
lesser impact on the stock.
A different scenario manifested post 2000 till now
complicating the distinction between the proportional influences
of the different established population drivers. The gradual
increase in landings of consumption shrimp maximized after
2003 (>32,000t) to 37,000t in 2014 (ICES, 2011, 2017). The clear
relationship between the stepwise temporal and spatial rebound
of the stock, the implementation of the 1989 partial ban, the
2003–2008 global ban and the fading out of the TBT prevalence
to threshold values may have restored sustainable shrimp
fisheries making the other drivers such as predation mortality,
climate change and fishing effort more visibly accountable.
Data on stock assessments and landings statistics of cod and
whiting confirmed downward trends by, respectively, 58 and
25% in numbers between 2001 and 2010. Updates with predator
distribution maps and effects of climate change revealed a shift
in range of distribution of both cod and whiting, resulting in a
reduced overlap with C. crangon (Kirby et al., 2009; Temming
and Hufnagl, 2014).
Estimates on predator influences on the population dynamics
also fluctuated by the differences in trends of predator
abundances. ICES (2015a,b) informed on abundances a
downward trend on whiting and an upward trend on cod. Cod
abundances in the North Sea have increased because cod fishing
mortality rates have been reduced since 2000, in combination
with a stronger spawning stock biomass in 1999, 2005, and 2009.
The North Sea cod spawning biomass had tripled in the years
after the lowest estimated level of 21,000t in 2006 (ICES, 2015a).
However, these changes in predation levels had seemingly no
profound impact on the commercial shrimp catches in the
southernmost areas of the North Sea.
So far, the fluctuating influences of the predation mortality on
C. crangon’s population have interfered with a putative impact
of TBT preventing a clear signal on a population relevant
endpoint. The far-reaching elimination of TBT from the marine
environment has ensured that TBT’s putative role on the health
of the population has in the meantime minimized.
Recently, another stressor, fishing effort, which has never
been regarded as a potential threat, has reached the highest
efforts in 2013 and 2014 (ICES, 2015b). This impact resulted in
an overall decrease in LPUE indicating an uncontrolled effort
increase, overfishing and the need for a management plan to
restore sustainable shrimp fisheries (ICES, 2013, 2014, 2016).
2015 was the turning year to again much lower commercial
landings in 2016 (25,900t) and the lowest level since 1995
(ICES, 2017). In the years before 2000, Welleman and Daan
(2001) quantified the yield of the total annual shrimp landings
to only 5 to 10% of the total predation mortality. In 2012,
an update of Welleman and Daan suggested fishing mortality
beyond natural (predation) mortality (ICES, 2012). In 2015, the
fishing pressure was estimated four times higher than natural
mortality and the population was declared overfished (ICES,
2015b). Alarming is the U-turn to overfishing since, based on the
findings of Welleman and Daan (2001), the yield of the landings
could increase 10-fold or more, at zero predation mortality. It
seems that the distinction between the influences of changes
in fishing effort and predation are thin since the 2016 survey
data again suggested a relationship between high abundances of
whiting (Merlangius merlangus) and low shrimp abundances in
the German areas (ICES, 2017). The suspected reason on the
current overfishing can be found in the high shares of undersized
shrimp compared to commercial sized shrimp in the catches, on
average 0.85 L in the pulse gear and 0.68 L in the traditional
gear per liter consumption shrimp (ICES, 2015b, 2016). These
undersized shrimp are less discarded and landed nowadays
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causing recruitment overfishing despite a survival range of
discarded shrimp between 75 and 80% (ICES, 2016). The impact
of this change in fisheries attitude seems enormous and would be
better assessed when expressed in numbers instead of liters.
CONCLUSION
A potential population-level endocrine disruption by TBT may
have interfered unnoticed during the past 60 years of C. crangon’s
life history and almost the entire history of its recorded fisheries.
Attention to (sub-)chronic TBT toxicity in crustaceans was long
not an issue of particular interest due to the initial moderate
lethal toxicity compared to mollusks, and C. crangon’s long-term
non-endangered status.
Most assessments on TBT impact on organisms in the marine
environment were based on water exposure toxicity correlations
between effects and TBT levels in water. The development of SSD
models were also based on water exposure toxicity data in often
full life-cycle tests on several taxa. These SSD models demonstrate
more similarity in sensitivity to TBT among taxa.
Despite the lack on full life-cycle toxicity information on
topical endpoints in C. crangon, the available information
on biological endpoints in C. crangon and other crustacean
species, delivers in our view, sufficient arguments to
strengthen the hypothesis on population-relevant endocrine
disruption to clarify the German bight incident in before
and during 1990/91.
The high TBT accumulation in charged areas, especially
in organisms lacking TBT catabolism, suggests that
biomagnification played a higher distinctive role than could
be expected from bioconcentration. The extremely high body
residues of TBT in the past and our predictions on enhanced
intracellular partitioning allow to suggest that the TBT toxicity in
the marine environment has been underestimated, compared to
the water exposure pathway toxicity.
The common mechanism of action on RXR throughout the
animal kingdom and mankind at the lower ppt level provoked the
implementation of stringent environmental assessment criteria
and quality standards in the marine environment to secure the
ecosystem and human health (EFSA, 2004; European Union,
2005; United States Environmental Protection Agency [EPA.US],
2007; Cole et al., 2015; HELCOM, 2018).
The historical contamination in hotspots, harbors and
estuaries in the marine environment and the continued on-land
use (Cole et al., 2015) has brought the TBT levels to thresholds
which may remain long-lasting, especially in anoxic sediments.
Up-to-now no safe alternative to TBT is available. The
antifouling industry was forced to fall back on toxic booster
biocides such as copper, triazines and not at least tralopyril, all
having their respective and often unknown and severe impacts.
It is therefore strongly recommended to scrutinize the potential
environmental impact of all new antifoulants prior to their
acceptance in antifouling applications.
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